Optical-fi ber-based, hollow-core waveguides (HCWs) have opened up many new applications in laser surgery, gas sensors, and non-linear optics. Chip-scale HCWs are desirable because they are compact, light-weight and can be integrated with other devices into systems-on-a-chip. However, their progress has been hindered by the lack of a low loss waveguide architecture. Here, a completely new waveguiding concept is demonstrated using two planar, parallel, silicon-on-insulator wafers with high-contrast subwavelength gratings to refl ect light in-between. We report a record low optical loss of 0.37 dB/cm for a 9-µ m waveguide, mode-matched to a single mode fi ber. Two-dimensional light confi nement is experimentally realized without sidewalls in the HCWs, which is promising for ultrafast sensing response with nearly instantaneous fl ow of gases or fl uids. This unique waveguide geometry establishes an entirely new scheme for low-cost chip-scale sensor arrays and lab-on-a-chip applications.
Bragg refl ectors [6, 7] and anti-resonant refl ection layers [8, 9] as the guiding refl ectors. However, their use is limited due to large optical losses because of insuffi cient refl ection.
A hollow-core waveguide is best understood by the ray optics model, with an optical beam guided by zig-zag refl ections from the guiding walls [6, 7, 10] . The propagation loss is strongly dependent on the refl ectivity of the walls [6, 7, 10] due to the large number of refl ections for a given length (the number of refl ections is L λ /2 d 2 , where L is the length of the waveguide, d is the waveguide core height and λ is the wavelength of light used). Low losses can be obtained for HCW with core size in the tens of µ m [7] . However, a core of this size does not lend itself to a low bending loss or effi cient fi ber coupling. High-contrast subwavelength gratings (HCGs) have been found to offer very high refl ection for surface-normal incident light [11 -14] . Recently, we reported numerical simulation results of a one-dimensional (1D) waveguide guided by two parallel layers of HCGs whose periodicity is parallel to the direction of propagation [10] .
In this paper, we propose and experimentally demonstrate a completely new class of two-dimensional (2D) HCW where the guided wave propagates along the HCG grating bars. The transverse guiding is provided by HCG refl ections, whereas the lateral confi nement is achieved by varying the HCG dimensions laterally. Thus, 2D waveguiding is achieved without any physical boundaries or sidewalls, but merely with variations of HCG dimensions to create a lateral effective refractive index. Both straight and curved waveguides are demonstrated using two parallel planar wafers, each containing a single layer of HCGs. Such a 2D waveguide has never been reported before. This is also the fi rst experimental verifi cation of a 2D HCG HCW design using the one-dimensional ω -k diagram [15] in combination with a very new use of the effective index method [16] . The design method is simple and intuitive. The propagation loss in a straight waveguide with a 9-µ m waveguide height is measured to be 0.37 dB/ cm, the lowest reported loss for an HCW with such a small core. This sidewall-less waveguide is superior in gas sensing applications compared to other HCWs. Gases or fl uids can be fl own into the waveguide from the side openings, instead of from the two ends of the waveguide. The cross section is thus increased by a factor of L / d , where L is the waveguide length, and d is the core height. With Fick ' s laws of diffusion and depending on the exact confi guration, the dynamic detection speed can be increased at least by a factor of L 
HCG HCW design
A high-contrast grating consists of a single layer of grating made from a high refractive-index material (e.g., silicon, or III -V compound semiconductor) fully surrounded by a low refractive-index material (e.g., air or oxide). HCGs have been shown to be highly refl ective for surface-normal incident light with demonstration of HCG-based vertical-cavity surfaceemitting lasers (VCSELs) [12 -14] . In addition, HCGs can be designed to refl ect incident light with polarization parallel or perpendicular to the grating bars, referred to as transverseelectric (TE) and transverse-magnetic (TM) HCGs, respectively. Recently, we reported simulation results showing that the high refl ection with wide bandwidth can also be designed for incident light at glancing angles [10] . In particular, we proposed a hollow-core waveguide using HCGs with grating bars perpendicular to the direction of beam propagation with low loss [10] .
In this paper, we explore experimentally and theoretically a novel 2D HCG hollow-core waveguide where grating bars run along the direction of guided wave. To explain the 2D waveguiding, we should begin with a 1D slab waveguide, as shown in Figure 1 A. Figure 1A shows the schematic of a basic 1D-version of HCG HCW. The HCGs are fabricated on silicon-on-insulator (SOI) wafers with the gratings formed on a silicon (Si) layer above silicon dioxide (SiO 2 ). The HCW is formed by placing two HCGs in parallel, separated by an air-gap d . Wave guiding is illustrated with ray optics [10] , where the optical beam is guided by zig-zag refl ections from the HCG. The HCG is designed to have very high refl ectivity, so that the light is well confi ned in the x direction. The physical intuition of why a properly designed HCG can offer a high refl ectivity can be found in the Ref. [17] . In this experiment, the polarization of the electrical fi eld is along y direction. It is easier to understand the gratings as TM-HCGs that are designed to be highly refl ective. Note this notation of TM is relative to the gratings and is actually orthogonal to the typical defi nition for waveguide modes.
With simple ray optics [10] , the propagation loss and the effective refractive index n eff of the fundamental mode are calculated using the following formulae: 2 10 [ / ] -10 tan / log | |
Here θ is the angle between the ray and the waveguide, k z is the propagation constant, k is the wave vector of the light in free space, and d eff is the effective waveguide height. d eff takes into account both the physical waveguide height d and the refl ection phase ϕ r , which is approximately π in general. The parameter d eff can be calculated by the round-trip phase condition of the fundamental mode:
Next, we explain the scheme to obtain lateral guiding in a 2D HCG hollow-core waveguide. For solid-core waveguides, a typical lateral guiding design employed is the effective index method [16] , which uses different k z values in the core and cladding region. Here, we also propose the same -obtaining lateral confi nement ( y direction) by using different HCG designs for the core and cladding region so that the effective refractive index of the core is higher than that of the cladding [18] , shown in Figure 1B . This can be achieved by varying the HCG refl ection phase, ϕ r , which determines the effective index n eff of the 1D-slab waveguide in Eq. (2) - (4). To ensure overall low propagation loss, both HCGs should have high refl ectivities. For a fi xed HCG thickness t g , HCG designs with different periods Λ and grating widths s can provide remarkably large differences in ϕ r while maintaining a high refl ectivity; this results in a variation in effective refractive index between HCG designs on a fl at surface (see Supplementary information for details). Also widely known for solid core waveguides, graded-index waveguides typically exhibit lower A B loss than step-index waveguides [19] . A graded effective-index profi le is introduced in HCWs with chirped HCG dimensions on the order of tens of nanometers (see Supplementary information for details). . This waveguide confi guration ensures a single lateral mode operation (see Supplementary information for details). We use rigorous coupled wave analysis [20] to calculate the complex refl ection coeffi cient r of the HCG. Furthermore, a fi nite element method (FEM) is used to simulate the mode profi le, resulting in an effective refractive index of 0.9961 and propagation loss of 0.35 dB/cm at 1550 nm. The minimum loss is 0.31 dB/cm at 1535 nm. It is truly remarkable to note that, although the guided mode has very little energy in the HCGs, the effective index method can be realized with a simple and small parameter change of the HCG.
Experimental results
The HCG HCW is fabricated using deep ultra-violet lithography on 6-inch SOI wafers, followed by a standard etching process (see Supplementary information for details). Using the effective index method to obtain lateral guiding, only a single etching step is required. Waveguides are cut into different lengths for loss measurement. Light is butt-coupled from the waveguide to the photodetector (see Methods for details on the experimental setup).
Light guiding in the HCG HCW is experimentally confi rmed by launching a laser beam into the waveguide and measuring the intensity profi le at the output facet. Figure 2B shows the output image with the waveguide height d set to 9 µ m. The waveguide operates at fundamental mode. The measured profi les in the transverse and lateral direction are shown in Figure 2C and 2D with 4 µ m and 25 µ m full width at half maximum (FWHM), respectively, at a wavelength of 1550 nm. Excellent agreement is obtained between simulation and experiment.
The net propagation loss and coupling loss are extracted from waveguides [varying lengths, for a waveguide height of 9 µ m (see Supplementary information for details)]. Figure  3 A shows the measured total loss spectrum for straight waveguides with lengths of 18 mm, 38 mm, 58 mm and 78 mm. The extracted propagation loss spectrum agrees well with the results of the simulation ( Figure 3B ). The minimum loss value from experiment is 0.37 dB/cm at 1535 nm, slightly higher than the simulated value. This difference is attributed to a slight warping of the two HCG chips across their length, which leads to a variation in core height on the order of ± 1 µ m. Furthermore, HCG surface roughness scattering may cause additional loss. The coupling loss is estimated to be 4 dB. This can be further reduced by improving the coupling design.
To better understand the loss of the 2D-confi ned propagation mode, we use FEM to simulate the loss spectra for a 1D slab HCG HCW with uniform HCG, both for the core and cladding design, shown in Figure 3B . It can be seen that the loss spectrum of the 2D-confi ned propagation mode follows and agrees value. See the video clips in the supplementary materials for intuitive illustrations of this lateral confi nement.
The propagation loss, on the other hand, is not monotonically dependent on d , as shown in Figure 4C . This is because the waveguide loss consists of both transverse and lateral components. A larger d leads to a weaker lateral confi nement, and thus a larger lateral loss. However, the transverse loss decreases since it is proportional to 1/ d 2 . Thus there is an optimal d that corresponds to the lowest loss at a specifi c wavelength. Figure  4C shows the measured loss of the straight waveguide as a function of d at 1535 nm wavelength (see Supplementary information for details of the data processing). When d is 9 µ m, a minimum loss of 0.37 dB/cm is achieved, consistent with Figure 3 . As d increases to 10 µ m, the lateral loss dominates and the overall loss increases. In general, the experimental loss agrees with the simulated loss. For a larger core height, the discrepancy is more pronounced, a consequence attributed to the coupling into higher order modes.
To further illustrate lateral index guiding, we fabricated various waveguides on the same chip with uniform HCG design (with the core and cladding sharing the same HCG design) and anti-guiding design (with the core and cladding designs swapped from the original confi guration). The output mode profi les are presented in Figure 4D , and they show distinct differences with light dispersed in the waveguide without the appropriate HCG design. These lateral confi nement measurements demonstrate the effectiveness of the effective index method for an HCW for the fi rst time. It is truly remarkable that with little optical energy in the HCG, lateral guiding can be obtained with a planar structure. This enables light to be guided in an HCW without the aid of physical side refl ectors, and opens up a new regime of optical waveguiding.
Light guiding in curved HCG HCWs
Light can also stay guided around curves by this sidewall-less waveguides. Figure 5 A shows a top view of the " S-shape " and " double-S-shape " curved waveguide layout. The " S-shape " waveguide demonstrates light guiding by the bend with light launched at port A and light output observed at port A ' rather than B ' . At the bending section, the mode profi le is similar to that of a straight waveguide but with its center shifted towards the waveguide edge that is farther from the center of the curving radius. This is the same case as a solid-core curved waveguide [21] with the conventional index guiding mechanism. The " double-S-shape " waveguide is used to extract the bending loss, with various waveguide length combinations. Figure 5B shows the loss spectra for various bending radii R extracted from the 18 mm to 38 mm long waveguides, with a waveguide height d of 6 µ m. It is seen that as the bending radius of curvature decreases, the loss spectrum slightly red-shifts. This is because lateral confi nement tends to be stronger at longer wavelengths, as indicated by the FEM simulated spectrum of Δ n / n core shown in Figure 5C . This also explains why the loss difference between the straight and the curved waveguides well with the 1D propagation mode. With further optimization of the HCG dimensions, an even lower loss can be expected.
Control of lateral confi nement
The effective index method is the main concept for the proposed lateral confi nement scheme. It is further tested and illustrated by varying the waveguide height d . As seen in Figure  1A and Eq. (3 -4) , for a round trip in the transverse direction, the beam acquires phase through two components: interaction with the HCG (associated with a phase of 2 ϕ r ) and travel through the air trajectory (associated with a phase of 2 k x d ).
Since d is the same for both the core and cladding regions, it is the HCG phase that creates the effective index difference (labeled as Δ n / n core ). As d is reduced, the contribution from the HCG increases relative to the air trajectory, and thus Δ n / n core becomes more pronounced. This distinction results in a stronger lateral confi nement and a narrowing of the mode profi le with reduced d . , α , as a function of wavelength; this is consistent with the FEM simulated Δ n / n core spectrum. See Supplementary information for more details.
becomes smaller as the wavelength increases. To quantify this, a linear fi t is applied to the loss as a function of R -1 for each wavelength, and the slope α is extracted (see Supplementary information for a detailed expression of α ), as plotted in Figure 5C . The slope of this graph indicates how well the light is confi ned to the waveguide. The slope decreases with increasing wavelength, consistent with the simulated spectrum of Δ n / n core .
Discussion
The demonstration of lateral confi nement in planar HCG HCWs opens up a new scheme of waveguide engineering through surface phase manipulation. Keeping the HCG thickness fi xed, different periods and grating bar widths are able to provide different refl ection phases, while maintaining a high refl ectance. This sidewall-free HCW design is a strong candidate for use in compact, low-power, fast on-chip gas/fl uid sensor arrays and lab-on-a-chip applications. With no sidewall, gaseous or fl uidic molecules can penetrate into the waveguide instantaneously compared to a conventional HCW, where only the input and output ends serve as inlet and outlet for the gas. We estimate the speed increase to be 8 ∼ 12 orders of magnitude (see Supplementary information for details). Dispersion can also be engineered based on the refl ection phase spectrum, and hence, slow light and fast light waveguides can be engineered. Other potential applications of this waveguide scheme include radio-frequency (RF) fi lters and low noise oscillators, optical routers and couplers based on multimode interference, etc.
The planar structure of the waveguide makes fabrication simple. The HCG thickness is kept constant, and thus only one step of etching is required. While the waveguides presented in this paper are formed from two pieces of HCG chips and offer a proof-of-concept, monolithic integration is possible by fl ip-chip bonding or by processing on a multi-stack silicon oxide wafer.
In summary, we present the fi rst experimental device showing lateral confi nement in a low-loss planar HCW structure. The effective index method is demonstrated for the fi rst time in a planar waveguide structure, as well as in an HCW. The measured propagation loss is the lowest among all HCWs that are mode-matched to a single-mode optical fi ber. Further optimization of the HCG dimensions based on the loss contour and effective index contour map (see Figure S1 in Supplementary information) can lower the loss to < 0.1 dB/cm for a straight waveguide in FEM simulations. This is a result of the high refl ectivity of the HCG, as well as the unique lateral confi nement scheme. Radius of curvature and loss of the curved waveguide can also be reduced by further optimization of the effective index. As an example, we design Δ n / n core ∼ 2.1 × 10 -3 for a 5-µ m height waveguide. The straight waveguide loss is 0.442 dB/cm, whereas the bending loss is 1.026 dB/cm and 8.839 dB/cm for a radius of curvature R = 15 mm and 10 mm respectively in FEM simulation. Further optimization of the waveguide confi guration is possible to reduce R to below 10 mm while maintaining a low loss. The unique waveguide structure presented here establishes a new regime of waveguiding in HCWs.
Methods
Optical mode imaging and loss measurement. To characterize the light guiding in the HCG HCW, a laser beam from a tunable laser source (Agilent 81680A) is fi rst polarization adjusted and then collimated by a fi ber collimator, and launched into the HCG HCW sample by a 10X (N.A. = 0.25) objective. The Gaussian beam waist size at the waveguide ' s input facet is optimized such that only the fundamental mode is excited. A 50X (N.A. = 0.5) objective is used to collect the light for output facet imaging. With precise alignment of the two chips, an optical mode can be seen at the output facet.
For loss measurement, the laser is internally modulated at 1 kHz. The 50X objective is replaced with a photodetector that butt-couples the light from the waveguide in order to allow the optical power to be measured with a lock-in amplifi er (Stanford Research Systems SR850). Alternatively, the 50X objective can be used to collect the light. The light is then spatially fi ltered by a pinhole and focused onto a photodetector. These two light detection methods are equivalent when the waveguide height d is small and lateral light leakage is negligible. However, as d increases such that lateral leakage becomes substantial, the spatial fi lter ensures that only the light in the waveguide is detected, which is essential for measuring the loss as a function of d .
